ABSTRACT Cabled underwater information networks (CUINs) have evolved over the last decade to provide abundant power and broad bandwidth communication to enable marine science. To ensure reliable operation of the CUINs, the technology for high-impedance fault diagnosis and isolation with high reliability and accuracy is essential. In this paper, we review diagnosis and location methods as applied to a constant voltage ring and the tree topology network. A high-impedance fault diagnosis method based on the variation of the sampling voltage in the primary nodes (PNs) for a constant current remote power supply system is proposed. The methods for analyzing the fault voltage with using power monitoring and control system (PMACS) and communications monitoring, control system (CMACS), and hybrid detection with alternating current and direct current are used for research the high-impedance fault location based on the designed fault isolation circuit. In particular, a verification scheme for high-impedance fault location is designed for the CUINs based on the classical mesh topology. Furthermore, high-impedance faults of nodes and submarine cable sections in the trunk cable are simulated, and the variations of leakage voltage are analyzed. By researching the change of leakage voltage before and after the fault occurs, the feasibility and practicability of the diagnosis and location scheme are verified.
I. INTRODUCTION
About 70% of the earth is covered by ocean. Exploring the operating mechanism of the deep ocean is the key to understanding the development of human civilization [1] - [3] . Over the last several decades, observation of ocean with traditional shipborne and airborne mobile platform, exploration by battery powered instruments [4] , underwater unmanned vehicles (UUVs) [5] , anchorage or buoys, satellite telemetry and other technological approaches has only explored and researched the changes of the epicontinental ocean in a one-sided, sporadic, intermittent manner. These approaches limited perspective and concepts connected to oceanic observation, understanding and development. In order to explore and
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understand the ocean and promote the development of marine science [6] , the marine science community has proposed the third platform for observing the ocean [7] , that is, cabled underwater information networks (CUINs).
CUINs have eliminated the limitations of time and space in marine research methods such as shore-based fixed platforms, shipborne and airborne mobile platforms, and satellite remote sensing telemetry, which are able to satisfy the needs for long-term, real-time, and all-weather observation of the ocean [8] , [9] . Various instruments and equipment are placed on the seafloor, which are supplied with submarine cable networks connected to shore power feeding equipment (SPFE) [10] . Therefore, the performance of the remote power supply system determines whether the CUINs can operate normally. Currently, there are two major types of power supply system in use internationally and both are VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ direct current (DC). In the first type, the trunk cable operates at a nominally constant voltage (CV) [11] and all nodes are parallel connected using seawater as a return; example systems are the North East Pacific Time-Integrated Undersea Networked Experiments (NEPTUNE-Canada) [12] , [13] and other operating systems [14] , [15] . In the second type, the trunk cable operates in a constant current (CC) mode [10] . Flowing through isolated-type high-frequency switching constant current/constant current converters (CC/CC) in primary nodes (PNs), the electric energy is branched and provide constant current power supply to the electrical equipment mounted on secondary nodes (SNs) in the branch cable; an example system is the Dense Ocean Network for Earthquakes and Tsunamis (DONET) [16] - [17] . The system using CC mode has good self-healing properties that protect against short-circuit grounding faults (parts of the system can continue to operate through a fault), and system does not need high-medium-low voltage conversion, which has the advantages of modularization and standardization of the power conversion module. The CC mode appears to be somewhat favored for more general, purpose-built, science-driven observatories [10] , [17] . The operation of the remote power supply system cannot avoid the faults caused by human damage and changes in geographical environment. Therefore, no matter what kind of remote power supply system mode is applied, fault location and isolation is one of the keys to the operation and maintenance of the system. Currently, there is very little research on fault diagnosis and location for underwater DC power supply systems. Youqing W.et al. proposed a novel preliminarysummation-based principal component analysis (PS-PCA) method to cope with the combined Gaussian and nonGaussian features in the fault detection processes [18] , and Multivariate statistical process monitoring (MSPM) methods, significant for improving production efficiency and enhancing safety, are proposed [19] . To enhance the reliability of measurements of gas sensor arrays, Yinsheng C.et al. proposed a novel fault detection, isolation, and diagnosis (FDID) strategy by using the squared prediction error statistic and the variables contribution plot [20] , and aiming at fault detection, isolation, and recovery (FDIR), data validation and dynamic measurement uncertainty estimation of the sensor arrays, a novel strategy based on gray forecasting model GM(1,1) coupled with the bootstrap method is proposed [21] . In the light of FDID strategy in self-validating multifunctional sensors, by using the squared prediction error (SPE) statistic, the sparse non-negative matrix factorization-based method can effectively detect faults, and the variables contribution plots based on SPE statistic can help to locate and isolate the faulty sensitive units [22] . Chen Y.et al. proposed an actively controllable method which configures each branch link of the network [11] by changing the input current of the SPFE, and the constant voltage is employed to locate the system fault by using the measured voltage current and impedance method, and in this way, a relevant laboratory experimental prototype was designed. Lu S, Chan T et al. proposed a method directed against the low/high impedance faults of the constant voltage remote power supply system in the NEPTUNE observation network [12] , [23] , by changing the polarity of the SPFE output voltage, the links for the power and communication in the branching unit (BU) are adjusted to control the interrupter switching to realize low-impedance fault location and isolation. Chan T. et al. designed a constant voltage-constant current (CV-CC) hybrid fault detection system [24] for high-impedance faults in constant voltage remote power supply systems. Zhang Z. et al. reviewed the advantages and disadvantages of existing switching methods and proposed a novel active switching method for network configuration. which provides a way to communicate with the shore station (SS) through an existing power transmission path [25] . Feng et al. [26] summarized the typical topology of the CUINs, based on the controllability of the electrical switching BU and the power monitoring and control system (PMACS) and communications monitoring and control system (CMACS), with a new method for high-impedance fault location of the submarine cable proposed by analyzing the weighted least squares status estimation formula of the BU node voltage vector. According to generalized Kirchhoff's current law, the method based on the leakage current error vector generated by high-impedance fault in the constant voltage remote power supply system was proposed [27] . An active node fault switching and isolating method based on discrete-voltage intervention is proposed aimed at controlling a specific node inserted in or cut away from the whole underwater network [28] . Shaoduo Zheng, and Feng Lyu proposed an HVDC power switching circuit for the BUs of CUINs, based on the voltage sharing scheme of series-connected IGBTs [29] . Zhang F. et al. mainly analyzed the reason for the short fault and discussed the different methods to isolate the short part in different location in CV mode [30] . However, underwater space of junction box is limited, distance between nodes is far away, and the large data transmission can only be carried by submarine cable, so, pattern recognition based on the large-scale application of sensors, data-driven, and other technologies for FDID and FDIR in land-based power grid networks, or through wireless data transmission in airborne mobile networks and other methods can not be used in underwater remote power supply systems. Moreover, for a constant current remote power supply system, a lowimpedance fault will cause damage to the remote transmission capability of the system, but it will not cause the system to stop operating, as a whole, a high-impedance fault will result in an excessive surge voltage and may even cause the system to collapse. Currently, the research on fault switching protection of remote power supply system for CUINs is still in its infancy stage, and there are few studies on the diagnosis and location of high-impedance fault status for a constant current power supply system due to the blockade restrictions of power conversion technology in underwater constant current remote power supply systems.
In this paper, theoretical research is carried out on the high-impedance fault diagnosis and location on account of mesh topology constant current remote power supply system in CUINs, and we firstly propose the method of observing, locating faults, and isolating fault intervals by analyzing the observation data in the shore station. Using a fault isolation circuit designed for the work, the methods on analysis of fault voltage with the PMACS and CMACS and hybrid detection with alternating current-direct current (AC-DC) and constant current-constant voltage (CC-CV) are used for research on the high-impedance fault location, which provides technical support for resulting effective determination of faults, isolation of faults, protection of equipment, and improvement of the system reliability.
II. ESTABLISHMENT OF THE MODEL FOR THE MESH TOPOLOGY CONSTANT CURRENT REMOTE POWER SUPPLY SYSTEM
The constant current remote power supply system is one of the DC power supply systems, which transmits and distributes power from the SPFE to underwater facilities through remote submarine cables (typically hundreds of km) with a seawater return. The NEPTUNE-Canada, a typical mesh topology for a cabled underwater information network, is depicted in Fig.1 [31] .
In the operating process for the constant current remote power supply system, according to the property of the fault, the faults can be divided into low-impedance faults and highimpedance faults. When a certain damaged point in the network is grounded with seawater as a return, seawater as a good conductor is equivalent to a non-resistance cable or a resistance of several ohms, which results in a low-impedance fault in the system. In contrast, when the conductive medium in the system has a connection fault, the location of the fault is equivalent to hundreds or even several megabytes of resistance, which results in high-impedance faults in the system. If high-impedance fault occurs, the fault will cause a high load output of the SPFE due to the equivalent resistance being formed by poor contact and even the power supply circuit will be blocked, which results in complete a power supply interruption of the system. Therefore, once high-impedance fault occurs, a diagnostic analysis should immediately be performed, the fault point determined, and the fault section isolated as soon as possible, to ensure normal operation of the rest. Subsequently, the fault isolation section should be reconnected to the remote power supply system after maintenance at the fault location, then, the system should operate normally in the recovery test. The operation and maintenance of a constant current remote power supply system is illustrated in Fig. 2 .
The main power supply equipment in PNs are CC/CC converters and constant current/constant voltage (CC/CV) converters. The main equipment in SNs are CC/CV converters and constant voltage / constant voltage (CV/CV) converters. As shown in Fig.3 , the controller can be set in the PNs to ensure that the fault is isolated.
When a high-impedance fault occurs in the trunk cables, the fault signal reacts to the neighboring PNs, whereas the controllers in the PN make judgments by analysis and comparison. When the system determines that a high-impedance signal has occurred, the controllers automatically switch to the ground terminal to form a new circuit, ensuring that the rest of the system can still operate normally with the fault section insulated. Fig.4 shows the model of the typical two-terminal 10-node mesh topology constant current remote power supply system in CUINs, where the constant current remote power supply system forms a return circuit by using seawater. Because the PNs and SPFE in the trunk cables have current flow directions, according to Kirchhoff's current law and Kirchhoff's voltage law, the fault can be diagnosed and analyzed based on the directionality of the system power supply current and voltage.
The SPFEs of CUINs generally have the maximum load voltage U max set, whereas the operating current I is constant in the trunk cable. When a high-impedance fault occurs, if the sum of the equivalent impedance of the fault point and the normal operation of the system is less than U max /I , parts of the system can continue to operate through a fault, and the CUINs are in low-level high-impedance fault status. When the sum of SPFEs output voltage U SPFE_sum is greater than maximum load voltage U max , the system is in open fault status, and automatically protects against fault. Low-level high-impedance faults and open-circuit faults are collectively referred to as high-impedance faults.
According to generalized Kirchhoff's voltage law, in the circuit, the sum of voltage algebra in any closed circuit constant to zero; (1) in which α Leakage is the leakage voltage of the remote power supply system; U SPFE1 and U SPFE2 are the SPFE output voltages at both terminals; U PN −i is the branch voltage of the i th node; I is the constant current of the system; and R i−i+1 is the equivalent impedance value of the submarine cable between i th and i + 1 th node.
If there is no fault in the system, then α Leakage = 0. If there is a low impedance fault in the system, although α Leakage has fluctuations, the constant current remote power supply system has fault self-healing property and the rest of the system operates normally, α Leakage ≈ 0. If a highimpedance fault occurs in the system, even an open-circuit fault, α Leakage = U fault = 0, therefore, a high-impedance fault can be determined by detecting the value of α Leakage .
III. ANALYSIS OF HIGH-IMPEDANCE FAULT LOCATION FOR CONSTANT CURRENT REMOTE POWER SUPPLY SYSTEM
When a fault occurs in the branch cable, the load voltage of the PN changes significantly, even the overload protection of PN will cause no valid data upload and the measured voltage of the SN is zero. Therefore, it is possible to diagnose the high-impedance fault in the branch cable by measuring the significant change of the voltage in the trunk and the data feedback from the information acquisition equipment. However, the diagnosis and location of high-impedance fault in the trunk cable is different from that in the branch cable. It is impossible to locate the fault directly by observing the data. The seabed environment is complex and changeable whereas the submarine cable may be bent, pulled, torn or broken due to fishing, anchoring, seabed earthquakes and mudslides. For different statuses of low-level high-impedance or open-circuit faults in the trunk cables, different situations can be analyzed.
A. DIAGNOSIS AND LOCATION ANALYSIS OF LOW-LEVEL HIGH-IMPEDANCE FAULT
In light of the low-level high-impedance faults caused by poor contact of the trunk cable, voltage measurement modules can be installed at both terminals of the PN to measure the high-impedance faults by comparing differences between the input-to-ground voltage and output-to-ground voltage. If the system does not malfunction, the measured voltage difference should remain unchanged, however, when highimpedance fault occurs in the system, the fault point is equivalent to a high-resistance resistor, and the remaining voltage differences are nearly constant. In contrast, the voltage difference between adjacent PNs across the fault varies obviously;
where U PN −m_out , U PN −n_in , and U m−n are the measured value of the output-to-ground voltage of PN-m, the measured value of the input-to-ground of PN-n, and the equivalent voltage of the submarine cable between PN-m and PN-n under normal operating status, whereas U PN −m_out , U PN −n_in , and U m−n are the measured values in the case of a high-impedance fault. U fault is the equivalent voltage of the fault point. When the high-impedance fault occurs in the submarine cable section between PN-m and PN-n, U m−n increases obviously, and the fault section can be located by comparing the input-to-ground voltage and output-to-ground voltage difference between the adjacent PNs. The schematic diagram of an equivalent circuit for the mesh topology remote power supply system is shown in Fig.5 . In reality, the voltage sensor and the equivalent impedance of the submarine cable have calculation errors about measurement and estimation, and the data transmission in the switching equipment and transmission equipment also exist deviation, therefore, the upper limit threshold of the measured average error η need be set. When there is a high-impedance fault in the trunk cable, by comparing the η and the leakage voltage α Leakage , it can be diagnosed whether the system has a high-impedance fault, which also provides a basis for the next fault location isolation.
The error expectation E(δ Leakage ) is;
Assuming all errors obey a normal distribution with a mean of zero, E(η Leakage ) = 0.
The high-impedance faults are analyzed by using the model and equivalent circuit of the two-terminal 10-node mesh topology constant current remote power supply system, as depicted in Fig.4 and Fig.5 . The CC/CC converter, which makes up the PNs, has an electrical isolation circuit illustrated in Fig.6 , hence the mesh topology constant current remote power supply system can be divided into two equivalent ring links for analysis. Both SPFEs and PNs are equivalent to nodes in the link, and the equivalent circuit of the system link is shown in Fig.7 . Node-1, Node-2, Node-7, and Node-12 form the trunk link,Link I consisting of Node-3 to Node-6 is depicted in Fig.7(a) , and Node-3, Node-6, and Node-8 to Node-11 formLink II, the output voltage of Node-3 U 3 andNode-6 U 6 in Link I are the equivalent input power for Link II as shown in Fig.7(b) .
Node-1 and Node-12 are power nodes, Node-3 and Node-6 are branch nodes, and the rest are equipment nodes. Assuming the equivalent impedance between nodes is R m−n , admittance is G m−n . When Node-m and Node-n are adjacent,
According to Kirchhoff's current law, the current equation of each PN can be obtained. The current equation for power node 1;
The current equation for power node 12;
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The current equation for equipment node-4 in Link 1;
The current equation for equipment node-9 in Link II;
The current equation for branch node-3;
The current equation for branch node-6;
Similarly, the current equations of other PNs can be derived. Then, according to (6) through (11), the above expression can be written in a matrix form as;
where − → λ is the error vector. In the case of no fault, − → λ is an N -dimensional zero vector. According to the model and equivalent circuit in Fig. 4 and Fig. 5 , the dimension of N is 12; − → Z is the equivalent impedance vector between the nodes,
Assuming that the direction of the current direction is negative to the reference node and the direction of the current direction away from the reference node is positive, the matrix U is the admittance matrix:
From this matrix form, the variable U ij in the matrix can be written;
In summary, the m th vector can be expressed as;
Substituting the measured value into (15), if there is no high-impedance fault, then
Assuming that there is a high-impedance fault f between the nodes PN-m and PN-1, at the fault point f , the equivalent impedance value is R fault and the leakage voltage α Leakage is U fault , the high-impedance fault model of the submarine cable is shown in Fig. 8 . High-impedance fault occurs in the system which is equivalent to adding a new PN to the entire network. According to Kirchhoff's current law and Kirchhoff's voltage law, the leakage voltage equation at the node PN-m after the fault can be obtained;
Since the equivalent fault node is added between the PN-1 and PN-m nodes, the PN-1 and PN-m nodes are not adjacent, where;
If the fault is not ascertained, substitute the known measured value into (15);
Substituting (17) into (18), the leakage voltage equation at node PN-m after the fault can be obtained;
Similarly, the leakage voltage equation at PN-1 after the fault can be written as;
Multiply both ends of (19) and (20) by G l−f and G m−f , respectively, to obtain;
Subtraction of (21) and (22) can be obtained;
can be obtained, which is substituted into (23);
Because R l−m = R l−f + R m−f , the distance from the fault point to the adjacent PN can be obtained;
According to Kirchhoff's voltage law, the leakage voltage equation at the fault equivalent node f can be obtained; (26) into (27) shows that;
The voltage equivalent of the fault point can be obtained by the change in the SPFE output voltage;
Substituting (29) into (28) yields;
The equivalent fault value U f _out obtained for the fault point can be compared with the theoretical value, and the location of the fault point can be obtained by the distances R l−f and R m−f from the fault point to the adjacent PN, which lays a solid foundation for further fault section isolation and system maintenance.
B. DIAGNOSIS AND LOCATION ANALYSIS OF AN OPEN-CIRCUIT FAULT
In contrast to low-level high-impedance faults resulting from poor contact, the system is in open-circuit fault status when the power supply conductor in the trunk cable is torn or a circuit connection failure occurred in the PN. The equivalent resistance of the system is far greater than the maximum load voltage U max that can be loaded by the SPFE. It is absolutely essential to prevent the system from being damaged or even paralyzed by an overload shock by adding isolation control circuits in the PN, and furthermore, based on the isolation circuit, the AC-DC and CC-CV hybrid remote detection method can be used to detect and locate the fault.
The interrupters in the PN cannot decide to switch independently, it is necessary to transmit operation instructions to the PN by using different SPFE output settings as signals.
Maintenance for the open-circuit faults in a constant current remote power supply system is mainly divided into three modes: fault detection mode, fault location mode and fault isolation mode.
1) FAULT DETECTION MODE
Fault detection is mainly used when the SPFE is protected. When the protection circuit of the SPFE starts, the normal current cannot be loaded to supply power for the system. There is a high probability of an open-circuit fault in the system trunk. The SS adjusts the constant current supply level of the SPFE, outputs a smaller constant current, and sets the output voltage threshold.
The smaller constant current cannot normally start the CC/CV converter, start circuit, and drive circuits in the CC/CC module. When the current is output directly after the filter circuit. The CC/CC module is short-circuited, the underwater scientific equipment cannot work, and the equivalent impedance of the load of the underwater system is reduced. When the SPFE output voltage does not exceed the rated voltage threshold, the SPFE protection may be caused by the oscillating feedback of the underwater load, and the system can still operate normally; when the SPFE output voltage quickly exceeds the voltage threshold, SPFE protection, it can be determined that an open-circuit fault occurs in the trunk cable.
2) FAULT LOCATION MODE
This mode adopt an AC-DC hybrid remote power supply testing system. When it is determined that an open-circuit fault occurs in the trunk cable of the remote power supply system, the SPFE cannot be set to the constant current output mode, otherwise, the high-voltage feedback formed by the open-circuit fault will cause secondary damage to the CC/CC module in the PN and the SPFE. Therefore, when an opencircuit fault occurs, the SPFE output mode is changed to a low-frequency AC output.
As shown in Fig.9 , assume that the low-frequency alternating current is input from the left side of the PN, because the capacitor C 1 in the circuit passes the AC whereas blocks the DC. Thus the AC can pass through C 1 , then flow through the solenoid S 1CLOSE and S 3OPEN , the interrupter I SPFE2 is closed and interrupter U SPFE1 is opened, and the AC passes downwards. When the AC passes capacitor U SPFE2 , S 2 turns on and S 4 turns off, so that all the loads in the PN are shortcircuited. At this time, the PN is equivalent to a section of the conductor.
Two-terminal SPFEs use low-frequency AC to shortcircuit all PNs, and at this time, the trunk of the constant current remote power supply system is equivalent to a section of the submarine cable. According to the internal resistance of the submarine cable, the available cable resistance is approximately 1 /km. If there is an open-circuit fault between PNm and PN-n, the equivalent circuit diagram of the fault is as shown in Fig.10 . According to Kirchhoff's voltage law; (31) where R FAULT is the open-circuit equivalent impedance at the fault point, I SPFE1 , I SPFE2 and U SPFE1 , U SPFE2 are the VOLUME 7, 2019 FIGURE 9. PN control circuit schematic. 
If the calculated fault point is close to the PN, the interrupters in the PN can be controlled through a single shorebased power input through the CMACS. If the PN interrupters switch, which proves that the PN is normal and open-circuit faults occurred on the submarine cable.
3) FAULT ISOLATION MODE
The purpose of fault isolation is to ensure normal operation of the rest of the system and improve the reliability of the remote power supply system. When an open-circuit fault occurs on a branch line, the PN protection circuit automatically isolates the branch line, the branch line has no power supply, and the observation data cannot be uploaded. The PMACS and CMACS automatically transfer data to the SS and identify and locate the branch cable.
If an open-circuit fault occurs in the trunk cable, the SPFE adopts a CC-CV hybrid remote supply detection system. The SPFE adjusts the output mode and outputs a positive low constant voltage of DC. Assuming the current flows in from the left end of the PN, the constant voltage shunt flows through the inductor L 1 , and the DC module in PMACS outputs the required operating voltage to driving and transferring instructions to the controller, and receives switching information about the interrupters, and finally, it makes a reasonable judgment. When an open-circuit fault occurs in the submarine cable sections between PN-m and PN-n, the interrupters S 3 and S 4 of the two PN switch to the ground status to short-circuit the faulty submarine cable. When the PN-m has an open-circuit fault, first, detect whether an opencircuit fault has occurred due to a malfunction of the interrupter. If the interrupter is malfunction, the switch can be controlled by the PMACS and CMACS to return to normal. If it is an open-circuit fault caused by a PN line, the PN-l and PN-n interrupters can be grounded and the fault PN can be short-circuited After the open-circuit fault section is short-circuited, the PMACS returns the rest of the system to normal through the commands, the SS is re-powered, and the rest of the system works normally.
The system can be charged for fault repair with the location and isolation of the fault section. After the fault is repaired, the fault is reviewed by three modes of open-circuit fault maintenance. If it is normal, the fault section is reconnected into the system through the interrupters. If the fault still exists, the fault location, isolation, and repair are performed again until the fault is repaired.
IV. MODELING SIMULATION AND ANALYSIS OF THE HIGH-IMPEDANCE FAULT LOCATION FOR CONSTANT CURRENT REMOTE POWER SUPPLY SYSTEM
Based on the typical two-terminal 10-node mesh topology depicted in Fig.4 , a system model is used to simulate and analyze various high-impedance faults. The length of the submarine cable section between the PNs is designed to be 50 km. According to general data on the submarine cable [10] , the equivalent resistance R cable is assumed to be 50 . It is assumed that the output current of the constant current remote supply system I out is 1.5A, and the equivalent load of the equipment node R load is 100 . In order to simulate the fluctuation in the SPFE output current or the error in the measured voltage value, an error vector matrix C is added during operation of the remote power supply system, which satisfies the Gaussian normal distribution with a mathematical expectation of 0 and a variance of 0.045 [18] , [27] .
Assume that the maximum load voltage of the SPFE is 10 kV. In the constant current remote power supply system, when the output voltage of each SPFE U SPFE_sum is greater than 10 kV, the SPFE is short-circuited to ground whereas the system automatically protects. Because the output current of the constant current remote supply system I out is 1.5 A, when a high-impedance fault occurs, if the system can still work normally, the sum of the equivalent impedance of the fault point and the equivalent impedance of the normal operation of the system should be less than 6.6 k .
When high-impedance fault occurs due to poor contact caused by power supply conductors, assuming that the highimpedance fault equivalent resistance is 100 , based on (1) to (5), the average upper limit threshold of the system is η = −0.054 V by 1000 operations. During normal operation, the voltage difference between two terminals of the SS, U SPFE1−SPFE2 = 2099.54 V. When a highimpedance fault occurs, the SPFE changes the supply voltage, U SPFE1−SPFE2 is 2249.52 V, the voltage at fault point U fault is 149.98 V, and the high impedance fault of the system can be clearly diagnosed. If the system is short-circuited to the grounding protection, there is a situation in the system where the power supply conductor in the trunk cable is broken or the circuit in the PN is open, and thus, there is a high impedance fault in the system.
A. SIMULATION ANALYSIS OF LOW-LEVEL HIGH-IMPEDANCE FAULT
In the simulation, six different types of cable faults in CUINs are designed, basically summarizing the high-impedance faults that may occur in the CUINs, as shown in Fig.11 .
When the voltage at the PN changes significantly, the main fault in the branch cable or the PN internal power converters fail which can be verified by the PMACS of the remote power supply system, so the faulty branch or converters in the PN should be isolated as soon as possible. Therefore, there is no need for redundant equipment to analyze and locate the fault in the branch cable.
Taking the Fault 1 which is the fault in the trunk cable section between PN-1 and PN-2, as an example. Combined with (2) to (5), the actual current equivalent of each PN before and after the submarine cable fault between the PN-1 and PN-2 in the trunk cable is derived, in addition, the actual current equivalent of each PN before and after Fault 2, the high-impedance fault occurring in the submarine cable section between PN-2 and PN-3 on Link I, and the Fault 3, the high-impedance fault occurring in the submarine cable section between PN-7 and PN-8 on Link II, which are shown in Table 1 .
As shown in Fig.12(a) , after a high-impedance fault occurs in the trunk cable, the voltage value between PN-1 and PN-2 changes significantly to a higher than the normal working status. The distributed equivalent resistance value of the submarine cable is fixed, the output current of the SPFE is also constant, and the voltage loading of the submarine cable section should be relatively constant. However, the voltage loading of the submarine cable section between PN-1 and PN-2 is significantly different from normal operation, so it is possible to diagnose the fault in the PN1 to PN2 section, as depicted in Fig.12(b) .
Similarly, the occurrence of Fault 2 on Link I which is the high-impedance fault occurring in the submarine cable section between PN-2 and PN-3 can be simulated. The same as Fault 3 occurs on Link II, which is the situation that submarine cable section between PN-7and PN-8 occurs the high-impedance fault. The actual current equivalents of highimpedance faults are shown in Table 1 .
As shown in Fig.13(a) and Fig.13(b) , when Fault 2 occurs on Link I, the voltage between PN-2 and PN-3 changes significantly, which is different from normal operating status. The voltage loading of the submarine cable section between PN-2 and PN-3 suddenly rises, so that the fault in the PN-2 and PN-3 section can be diagnosed.
In contrast to the high-impedance faults on the trunk cable and Link I, as shown in Fig.7(b) , the equivalent inputs of Link II are PN-2 and PN-5. When a high-impedance fault occurs on Link II, the equivalent input voltage will also change accordingly. In Fig.14(a) , when Fault 3 occurs, the equivalent loading on the Link II increases, and the input and output voltage values of the equivalent power supply nodes PN-2 and PN-5 also change significantly, whereas the drop in voltage between PN-7 and PN-8 is significantly different from normal operating status. The voltage loading of the submarine cable section between PN-7 and PN-8 suddenly rises, as depicted in Fig.14(b) , so it can be diagnosed that a fault occurs in the section between PN-7 and PN-8.
In contrast to the high-impedance faults on the links, as shown in Fig.15(a) , when the fault occurs in a PN, the equivalent loading of the PN increases, meanwhile, the drop in voltage of the PN is significantly different from normal operating status. The voltage loading on the PN suddenly rises, as depicted in Fig.15(b) , so it can be diagnosed that a fault occurred in the PN.
In contrast to the faults on submarine cables, faults in the PN can be judged and diagnosed by data. Based on the system fault simulation model of fig.11 , a high-impedance fault occurs, such as Fault 1 in the trunk cable, Fault 2 in Link I, andFault 3 in Link II. The fault points are located on the submarine cable section, and the distances from the adjacent PN are 10, 25, and 40 km respectively. The leakage voltage U fault and the location of the high-impedance fault point are calculated by using (3), (12) , (26) , and (30) . The results are shown in Table 2 .
As shown in Table 2 , the simulation results show that the leakage voltages of the three faults are greater than the upper limit of the measurement error under normal operating conditions, and the error of the analysis and calculation is within 0.4 km, which has better fault location capability for submarine cable faults.
In summary, by designing a classic two-terminal mesh topology constant current remote power supply system model, simulating the high-impedance faults of different links, analyzing and comparing the voltage distribution and variation difference before and after the fault, and calculating and analyzing of the location of the fault in different situations, the proposed fault diagnosis and locationing method can clearly and accurately determine the fault situation, and locate the fault point. Furthermore, the method proves that the high-impedance fault caused by the bending or power supply conductor tearing in the constant current remote power supply system can be diagnosed by the difference of the voltage variation. The future operation and maintenance of the remote system provides a technical method.
B. SIMULATION ANALYSIS OF AN OPEN-CIRCUIT FAULT
In contrast to low-level faults due to poor contact of the cable, when the power supply conductor in the trunk cable is broken or an open-circuit fault occurs in the PN, the system load is instantaneously increased while the SPFE output power is rapidly increased, which may cause multiple PNs or even a system fault. The SPFE starts the overload protection circuit, and the system stops operating to protect the rest of the equipment. To ensure that the network can operate normally, it is necessary to locate and isolate the open-circuit fault point to ensure that the system continues to operate.
Based on the system fault simulation model of Fig.11 , open-circuit fault location analysis is performed on Fault 1, Fault 2, and Fault 3 in different links. The fault points are respectively located on the submarine cable section and the distance between PNs is 10, 25, and 40 km. Combining (31) and (32), the location of each type of open-circuit fault point is derived, as shown in Table 3 .
As shown in Table 3 , the error in the analysis and calculation of the three types of faults is within 1.1 km, which provides a certain capability to locate the fault of the submarine cable. In summary, the simulation analysis of the three open-circuit fault conditions is possible. By simulating the open-circuit faults of different links, the location of the faults in different situations is calculated and analyzed, and the proposed fault diagnosis and location method can clearly and accurately determine the open-circuit fault conditions. Location the fault point, which furthermore, proves that the method of diagnosis by using AC-DC and CC-CV hybrid remote detection system is suitable for the detection, location and isolation of open-circuit faults in constant current remote power supply systems of CUINs. VOLUME 7, 2019 
V. CONCLUSION
With the continuous development of cabled underwater information networks, detection, location, and isolation of faults in remote power supply systems have become an important part of system operation and maintenance. Aiming at the highimpedance fault in the constant current remote power supply system of CUINs, this paper firstly proposes the method of observing, locating faults, and isolating fault intervals by analyzing the observation data in the shore station. According to Kirchhoff's voltage law and Kirchhoff's current law, the lowlevel high-impedance faults are diagnosed and located by analyzing the variation of the sampling voltage difference. A fault isolation circuit was designed, and then an AC-DC and CC-CV hybrid detection was used to determine the opencircuit fault point and isolate the fault section. Based on the typical two-terminal mesh topology constant current remote power supply system, the modeling and simulation verify the rationality and feasibility of the method. This method not only has the advantages of high diagnostic reliability, easy operation, and low cost, but also can ensure that the remaining normal parts continue to operate by isolating the fault interval, maintain a real-time working operation, it also improves the reliability and provides new operation and maintenance ideas and methods for the system. Currently, this method is still in the theoretical stage, and the range that the current method can locate is still relatively large. In order to verify the rationality of this method designed, the next step would be to eliminate the influence of measurement error and improve the positioning accuracy, and establish optimized model and build a mesh topology remote power supply system prototype physical test platform, and further verify the practical application performance of the method through experiments. In addition, a design the corresponding controller would lay the foundation for the standardization and systemization of the PMACS in the cabled underwater information networks.
